Chemistry is facing the challenge of delivering new materials for energy harvesting and management. The development of a materials chemistry in which scarce elements are replaced by more abundant and sustainable materials is crucial to the commercial and societal acceptance of these new technologies. This review surveys the use of complexes of Earth abundant metals from the first row of the d-block as photosensitizers in dye-sensitized solar cells (DSCs), an emerging technology for solar light harvesting in which state-of-the-art devices currently use ruthenium or other platinum group metal complexes as photosensitizers.
Materials science and materials chemistry will play a critical rôle in the implementation of these ambitious strategic aims. Future strategies for utilising nonfossil energy sources have to address not only the efficiency of the processes but also assess their environmental impact and the sustainability of the underlying materials chemistry.
In the past quarter of a century, huge advances have been made in the design of smart materials for applications as diverse as molecular electronics, single molecule computing, lighting technology and solar energy harvesting. However, in many cases these advances are still either at the proof-of-concept stage or being deployed as first generation technology. These advances have been made with the imperative of establishing viability and demonstrating innovation and most commonly without constraints on materials cost or sustainability. For mass uptake, the new materials must be environmentally benign in the life-cycle and in the end-of-duty phase and must also be "sustainable". The latter constraint refers both to material availability and to the environmental acceptability of the primary processing steps. In energy applications, the pay-back time calculated in financial or energy terms is also a critical factor
One of the highlights of innovative materials design is the dye sensitized solar cell (DSC) also known as the Grätzel cell. Conventional Grätzel DSCs (see the next section) function using ruthenium-or other platinum group metal-(PGM)-based photosensitizers to harvest photons [2] . Ruthenium is rare on the planet Earth and occurs native with the other PGMs osmium, rhodium, iridium, palladium and
platinum. An overview of the abundance of elements in the Earth's crust is given in Figure 1 . Estimated world resources [3] of elements are continually reassessed to account for newly discovered sources and changes in extraction technologies. For example, in 1970, world reserves of copper were estimated to be 280 Mt but this estimate had risen to 690 Mt in 2011. Nevertheless, Figure 1 provides a clear impetus for the design of materials for mass markets based upon the Earth abundant d-block metals of the first row rather than the PGMs. As seen in Figure 2 , there is a near exponential growth in publications dealing with dye sensitized solar cells and this review concentrates upon the use of complexes of the first row d-block elements as photosensitizers in DSCs. Although a few porphyrinato and phthalocyaninato complexes are described in this article, we have generally excluded detailed coverage of these compounds as they have been extensively reviewed elsewhere [5, 6, 7, 8] , as have organic dyes [9] . We have purposely not included artificial photosynthesis and water-splitting in this review; these topics have been adequately covered in other reviews [10, 11, 12, 13, 14, 15] . 
The dye sensitized solar cell
The Grätzel-type DSC was first developed in the early 1990s and converts solar energy to electrical energy using an optically transparent, wide-band gap semiconductor modified with a surface-bound inorganic dye (the sensitizer) that absorbs photons [16, 17, 18] . A schematic representation of the DSC is shown in Figure 3 .
Visible light cannot excite an electron from the valence to the conduction band of a wide-band gap semiconductor such as TiO 2 . In a DSC, the surface of the semiconductor is functionalized with a colored material, the photosensitizer (dye, Figure 3 ), that absorbs in the visible region and which has a ground state below and an excited state above the conduction band [ 19 ] . By using semiconductor nanoparticles, a very large functionalized surface area is associated with a small total device area. The electrons in the conduction band are harvested at a transparent conducting oxide electrode (usually FTO or ITO). The oxidized photosensitizer is reduced to the ground state by an electrolyte hole transporter, archetypically composed of I -/I 3 -. The circuit is completed by the catalytic reduction of I 3 at a platinized counter-electrode. The efficiency of the cell is affected by many parameters which will be discussed where appropriate in the text of this review. A correlation between photon flux of the Sun (AM 1.5 G spectrum at 100 mW cm -2 , AM = air mass) and calculated accumulated photocurrent [20] shows that a theoretical photocurrent density of 33 mA cm -2 could be obtained from a dye with an absorption threshold of 900 nm. The N3 dye (Scheme 1) absorbs light up to about 800 nm, while the absorption of the black dye (Scheme 1) extends to near 900 nm and gives a photocurrent density of 21 mA cm -2 . The incident photon to current efficiency (IPCE) values are close to 80% for wavelengths <650 nm for both sensitizers, but due to a relatively low molar extinction coefficients, they tail off at longer wavelengths (650-750 nm) resulting in a significant loss of photocurrent. Thus, improving the solar light absorption between 650 and 950 nm and decreasing the dye's optical bandgap will significantly increase efficiency. The voltage generated under illumination (V OC ) is the difference between the redox potential of the electrolyte (E redox ) and the 
its quasi-Fermi level. The band-gap of the dye is a critical factor in determining the value of V OC , and for typical ruthenium(II) dyes attached to the TiO 2 surface, has a value of around 1.6 eV [21, 22] . Cells which show good efficiency have a good compatibility between E redox (Figure 3 ) and the HOMO level of the dye, and between the energy level of the conduction band (E cond ) of the semiconductor (Figure 3 ) and the LUMO of the dye.
The fill factor (ff) can possess values between 0 and 1 and is defined by the ratio of the maximum power (P max ) of the solar cell divided by the open-circuit voltage (V OC ) and the short circuit current (I SC ). The value of P max is a consequence of the photocurrent and photovoltage at the voltage where the power output of the cell is at a maximum. The value of ff reflects electrical and electrochemical losses occurring during operation of the DSC. The overall solar conversion efficiency, η, is a function of the short-circuit current density (J SC ), V OC and ff (eq. 1 in which P IN is the total solar power incident on the cell, 100 mW cm -2 for air mass 1.5).
(1) Scheme 1 shows the structures of selected ruthenium-based state-of-the-art dyes used in the currently best performing devices [23, 24, 25] . Their composition illustrates the key structural features required in a photosensitizer ( Figure 4 ). Firstly, the compound must be colored! The color can arise from purely ligand-based transitions (as in porphyrin or phthalocyanine complexes) or from transitions with significant metal character in the ground or excited states (for example, MLCT or LMCT bands).
Photosensitizers should harvest light over the maximum possible range of wavelengths (ideally over the entire visible part of the spectrum as well as the NIR). and with high extinction coefficients for the absorption bands. Naturally, the photosensitizers should be photostable when bound to the semiconductor. Secondly the photosensitizer should be covalently bonded to the semiconductor, with the favoured attachment being through carboxylic acid, phosphonic acid or phenol groups. In general, dyes should be selected such that aggregation phenomena at the surface are minimised. The third design feature in the use of ancillary ligands for the fine tuning of the absorption spectrum to optimize the photonic harvesting, and fine tuning of the redox potential of the dye for compatibility with the energy of the upper edge of the valence bands of the semiconductor and with the redox couple of the electrolyte. If we consider the electronic structures in more detail, Hagfeldt et al. in an excellent review have identified the factors which need to be taken into consideration in the design of ligands and complexes for use as photosensitizers in DSCs [26] . In particular they identify the following critical points that need to be built into the design: (i) for n-type semiconductors (e.g. TiO 2 ) the excited state level of the dye must be higher in energy than the conduction band to permit efficient electron transfer, (ii) the energy of the oxidized dye must be more positive than the redox potential of electrolyte, and (iii) for DSCs with p-type semiconductors (e.g. NiO), the HOMO of the dye should more positive than the valence band.
Since the performance of a DSC depends substantially upon the device fabrication, we have made a point in this review of stating electrode materials, electrolyte and additives and whether the cell is open (electrodes pressed together with electrolyte filling the gap) or sealed (electrodes sealed together and electrolyte injected through a drilled hole before the latter is sealed). In the former, the electrolyte is exposed to air, while in the latter it is not [27] . We note also the great importance of masking cells for consistency of performance in different experimental systems [28] , although this is only slowly gaining recognition in the DSC community.
This review is based on the literature available through mid-March 2013. 
Vanadium and chromium
No DSCs functionalized with molecular vanadium-or chromium-containing chromophores appear to have been reported to date.
Manganese
Although the use of manganese complexes as photosensitizers in Grätzel-type DSCs is very limited, the metal plays an important role in biomimetic artificial photosynthesis. This area, particularly concerning the use of manganese-ruthenium conjugates, has been thoroughly reviewed elsewhere [ 10 ,11,12] .
Metalloporphyrins, in particular those containing zinc, show promise as sensitizers and offer an exciting new approach to DSCs [5] . Binding enthalpy data suggest that the hydroxamate-TiO 2 interaction is more stable than a carboxylate-TiO 2 anchor [36] .
Scheme 4. Structure of 2,2':6',2"-terpyridine ligand 5 which contains a hydroxamate anchoring group.
Iron
Group 6 metal-containing sensitizers in DSCs have been dominated by those containing ruthenium(II) and to a lesser extent osmium(II). A review published in 2004 [37] indicated few examples of other d 6 metal-based dyes. Recently, X-ray absorption spectroscopy and DFT calculations have been used to probe the differences in the electronic structures of ruthenium(II) and iron(II)-based sensitizers.
When the metal ion is octahedral, (e.g. [M(bpy) 3 ] 2+ or [M(phen) 3 ] 2+ ), the N 1s-to-π* transition moves to lower energy on going from Ru to Fe and there is a greater transfer of negative charge from metal to nitrogen donor atoms for M = Fe than for M = Ru; the 3d valence states of the dyes remain to be investigated [38] . action spectrum indicates that injection from the higher energy band at 430 nm is much more efficient than from the lower energy band. Although electron injection is fast and estimated to occur in < 25 ps [39] , the short MLCT lifetime means that internal non-radiative decay competes with electron transfer and the overall efficiency is relatively low [40] . These studies were subsequently extended to the complexes to MLCT and MPCT pathways [44, 45] . It is well established that [Fe(CN) 6 ] 4binds to TiO 2 through the cyanido ligands and that the observed Fe(II)→Ti(IV) IVT band at 420 nm provides evidence for efficient electron injection, probably through MPCT and MLCT pathways [44, 46 , 47 , 48 ] . The mechanism of electron injection by ruthenium(II) polypyridyl complexes has been the subject of numerous studies, but is less well explored for iron(II) analogs. The complex [Fe{tren(py) 3 }] 2+ (tren(py) 3 = 9, Scheme 5) has been chosen for femtosecond time-resolved absorption measurements because of its spin crossover behaviour which renders it suitable for an investigation of excited-state dynamics. It was confirmed that excitation leads to the formation of a long-lived 5 T 2 ligand-field state within 1 ps; the charge-transfer character of the initial excited state is lost in <100 fs as the ligand-field state forms. It was concluded that charge injection from iron(II) polypyridyl complexes into TiO 2 in a DSC occurs on an ultrafast timescale and suggested that charge injection may involve the initial excited state in addition to the long-lived state formed afterwards [49] . Recently, DFT calculations at various levels have been evaluated as a design tool for the investigation of a wide range of complexes with appropriate ground state electronic properties for use as photosensitizers in DSCs [51, 52, 53, 54] . Additional insight has been gained through development of structure-property relationships based upon crystallographic data for salts of [Ru(bpy) n (6) 3-n ] 2+ (n = 0, 2, see Scheme are consistent with the anchoring groups being essential both for dye uptake and efficient electron injection [55] . Unfortunately, the only iron(II)-containing dye tested in this study did not have formal anchoring groups. Ferrocene is readily functionalized with anchoring groups as seen in derivatives 12-14 (Scheme 9). These compounds absorb between 440 and 480 nm as well as at higher energy (250, 300 and 360 nm); consideration of the lowest energy absorption and electrochemical properties indicated that 12-14 might be suitable as sensitizers.
The latter have been screened in sealed DSCs each constructed with a TiO 2 /conducting glass photoanode onto which the dye was absorbed (6 hour soaking period), a Pt-coated conducting glass counter electrode, and I -/I 3 electrolyte either with propylene carbonate or ionic liquid (1-propyl-3-methylimidazolium iodide).
Compared to the standard dye N719, the ferrocenyl dyes perform well ( . Once again, the low performance of the standard cells with N719 suggest that these data need to be treated with caution, and we note that the inclusion of mercury in dyes 17-19 must be regarded as a key negative aspect when considering the environmental acceptability and impact of these materials. Prussian blue-sensitized ZnO solar cells have been designed for use in economically deprived regions with the aim of producing small amounts of solar energy to harness for chlorination of drinking water. Although these solar cells are not the typical DSC design (Figure 3) , we include them because of their simplicity and the fact that DSCs can be minimized. In the light of these excellent recent reviews, we will not elaborate further on redox mediators in this article. Scheme 11. Structures of 2,6-bis(1'-methylbenzimidazol-2'-yl)pyridine (dmbip) and 2,6-bis(1'-butylbenzimidazol-2'-yl)pyridine (dbbip).
Nickel
To date, the most common application of nickel in DSCs has been in the use of semiconducting NiO in photocathodes, typically in tandem cells [73] , but a few nickel 
Copper
The application of copper in dyes in DSCs was highlighted by Robertson in 2008 [82] and copper is currently a front-runner for sensitizers among Earth abundant metals.
Copper(I) complexes were first introduced into DSCs as sensitizers by Sauvage and co-workers [83] based on their similar photophysical properties to ruthenium(II) complexes [84, 85] . The first study was made in photoelectrochemical cells based on thin film TiO 2 (anatase) and ZnO ceramic electrodes sensitized with complex 24 were observed with anchoring ligand 43 which binds through phosphonate groups [96] . This is a recurring feature, pointing to phosphonate anchors being particularly advantageous. To further improve copper(I)-based DSC performance, the homoleptic The device characteristics reveal that extending the dendron from first to second generation results in an increase in J SC as well as, in most cases, an increase in V OC ;
the improvement in short circuit current density is more significant than that in opencircuit voltage. The most efficient dye reached η = 2.37% compared to 9.90% for N719 is 48 (Scheme 23) and its internal quantum efficiency (IQE) a spectrum closely resembles the absorption spectrum of the homoleptic complex in the visible region (λ = 460 nm , IQE = 27%) [95] . As mentioned in Section 1.2, best practice is for the use of masked DSCs [28] , and we have now introduced this routinely in our work.
Complete masking of cells ensures that short circuit current densities are not overestimated, and of course results in lower power conversion efficiencies than for the corresponding cell when it is unmasked. Significantly, however, we have shown that a IQE is related to EQE by the equation: 
Zinc
Zinc(II) porphyrinato complexes have been included in a recent review and will not be discussed further here [5] . Schemes 13 and 14 showed polymeric complexes incorporating Ni, Zn and Cd and the performances of these dyes in DSCs have already been discussed [78, 79] . The thiophene-containing polymeric photosensitizers shown in Scheme 14 have been extended to polymers 54 and 55 (Scheme 25) [104] . Our group has introduced a new strategy for zinc-based DSC fabrication. In terms Table 9 ; measurements were repeated 2 and 7 days after sealing of the DSCs and the results confirmed that the zinc(II) complexes are stable sensitizers [106 ] . The observed efficiencies of these relatively simple zinc(II) sensitizers are extremely promising, prompting us to actively pursue suitable adaptations to the ancillary tpy ligand to enhance light-harvesting. and its mercury and cadmium analogs have been reported. The conversion efficiency could be improved by using N719 as a co-sensitizer and ZnO photoelectrodes. The ZnO anodes were immersed in a solution of the dye followed by a solution of N719, and the DSCs were completed with FTO/Pt counter-electrodes and I -/I 3 electrolyte;
power conversion efficiencies were measured under 100 mW cm -2 light intensity. The IPCE spectrum of the 63/N719 DSC exhibited two maxima (35% at 400 nm and 30% at 530 nm). An overall solar-to-energy conversion efficiency of 3.378% for the zinc(II)-containing dye is notably higher than that achieved for N719 alone (1.909%),
and it is proposed that the enhancement arises from a decrease in internal cell resistance in addition to improved UV-spectral response [107] . We note however, that the efficiency reported in this work for N719 is very low.
Scheme 27. Structure of the 5-coordinate zinc(II) complex 63.
Overview and conclusions
This review has attempted to give a comprehensive survey of the use of first row transition metal complexes in photovoltaic cells. The final impression is one of N N N Zn Cl Cl
63
optimism that in the mid-term it may be possible to partially or completely replace materials based on platinum group metals by those involving Earth abundant metals.
Our primary aim in writing this review was to pull together the disparate complexes of earth abundant metals employed as dyes in DSCs and to encourage further research in this area.
One point that has emerged in our collating the information for this review is the lack of consistency in the literature in presenting device data for DSCs. In particular, we urge authors to provide precise details of electrolytes and any additives that are used as well as the precise architecture of the TiO 2 nanoparticle phase including the number of layers and the deposition method as well as the presence or absence of compact or scattering layers. We strongly recommend that authors also report the performance of a standard dye such as N719 in their experimental system, using electrodes with identical characteristics to those in DSCs being screened. We found varying standards of reporting of cell fabrication and I-V data and, as with the recent publication from Snaith 28 that points to best practice for measuring solar cells, we consider that an important take-home message from this review is for consistency between measurements so that it becomes valid and meaningful to compare literature data from different sources.
Finally, we concur with most others who have attempted to review data relating to conventional DSCs that the irreproducibility of results makes claims of "the best" or "the most efficient" very difficult to evaluate. We fully agree with the calls for the use of certified measurements to establish such claims. In contrast, synthetically lead results in which new dye classes or new additives or electrolytes are evaluated are more often at the proof-of-concept stage and we recommend the use of comparative measurements with standard dyes under the authors' own experimental conditions. 4
